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ABSTRACT

The Nimbus II meadium resolution infrered radiometor measured
atmospheric radiation in five spectral regions. Radiance measure-
ments in & two-micron-wide spectral interval within the 15 micron
carbon dioxide band permitted the derivation of vertically averaged
stratospheric temperatureé and made possible the daily monitoring of

global stratospheric temperature patterns. The experimént lasted from

" May 15 through July 28, 1966. For this period, stratospheric tempera= -

ture maps were produced by a computer program which included a method
to eliminate the effect of dense high clouds on the 1i to 16 micron

measurements. The method of measurement, the applied correction model,

~ and some results of the Nimbus II experiment are described.

Due to the seasonal restriction of the experiment, the derived
globsl stratospheric temperature distributions exhibit the most
interesting events over the éouthern hemisphere, where the southern -
polar winter vortex shows a pronounced asymmetry during the early
winter of 1966. Within the TO days of observation, this asymmetry travels
around the South Pole and finally vanishes. The‘resultant horizontal |

cooling pattern seems to emphasize the important role of dynamic pro- '

~ cesses in the net cooling of the polar winter stratdspheregAi
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THE REMOTE SENSING OF STRATOSPHERIC TEMPERATURES AND SOME RESULTS

FROM THE NIMBUS II SATELLITE EXPERIMENT

1+ Introduction

One of the serious problems in étratospheric meteorology is the
lack of continuous observational data ovei,large parts of the globe.

Figure 1 represents the effective global network of radiosonde measure-

ments at the 30mb (approx. 25km) and the 10mb (approx. 30km) levels on

a single day in January 1964, There has been little change since that time.

It should be noticed that a barely sufficient network density exists

only over the northern hémisﬁheric contineﬁts while over the oceans,
the tropics, subtropics, and almost the eﬁ£ire southern hemisphere we
suffer a severe lack of information.

A satellite in a quasi-polar orbit provides an excellent platform

for complete observation of the earth (Ref. 1). Radiometric experi-

". ments on board the TIROS VII ‘and Nimbus II satellites have shown

-

that measurements of the atmospheric emission within the 15 micron;j
carbon dioxide band can provide information on the stratospheric
temperaxure structuizlfzi’was first suggested by KAPLAN (L).
In this presentaxion, the method of radmometric measurement and

data reduction end also the interpretammon of the Nimbus II exper:ment

: will briefly be discussed.‘»
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2. The Theoretical Background of Remote Sensing Techniques

The thermal radistion leaving the eerthestmosphere system ot the ‘
top of _the a.tmoéphere (satellite altitude) and measured through a filter ~
'system can be described by the radiative transfer equation, if blackbody
radiation is assumed, in the form

A Az h :
N=21 f ST, B(M;)d)\ *d ”@(A) b BT dhotd (4]
). v hzo 2

“where N is the detected radiance; )\ = wave length; &0\) is the filter
function, G(\)= 0 outside the interval {X,,’\g} )"C()\,R)-‘- transmissivity from
a level h upward;Tg = transmu.ssivity from the radiating surface upward;
.BO\,TJ = Planck function; 'T' = absolute temperature; 'E. = temperature
of the radiating surfacej; and h = height, The first term on the right
side of this equation describes the contribution of surfaces, both solid
| and liquid (such as the earth and clouds), to the recorded radiance; the

second term describes the radiation originating from the gaseous compoundé
‘of the " atmosphere. . _ . | | |

By the use of equo:HQh [4) structural paremeters of the atmosphere ca.n.
~be derived from a radiometric messurement of N under two different

speclal conditions:

(a) . In an atmospheric window (if the atmosphere were completely trans=

parent , i.e. R 'G_’(A) = 1) the second term on the right side of equation

[l] equals zero. Thus Eqn.[,l] becomes

j@m B _(z}

A



With §(h) being known, the meaéured radiance depends on the
only unknown variable, i.e., the tempara.t\ire T of the radiasting surface,
If the radiometer is calibrated against a black body radiator, the |
recorded radiance readily can be converted to ‘equivalent blackbody
temperature' (5). This means--in meteorological terms-~the earth
surface temperature or in cloudy areas the cloud top temperature wuid
be derived from radiometric measurements in an astmospheric'window" V“ﬁ’e fp.3a
Experiments of this type were very successfully flown on the TIROS II, ]
III, IV, VII, and Nimbus I and II meteorological satellites leading
to detailed and global pictures of horizontal and verbic#l cloud dig-
tribution as well as sa mapp.’mé of sea surface and land temperatures

under clear sky conditions.

(b) In a strong absorption band of one of the predominant atmospheric

absorbers like carbon dioxide, water vapor or ozdne, where the trans-

mission from the ground is zero, the first term of equation[l]vanishes-,'
leading to ' '
Ny =L f f 0 Bomhr [

). ‘h_:o

In this case, N is determined by two unknown variables, namely %_15‘ v

which characterizes the vertical gas distribution, and B () ,T), which
_ depends on the averaged gas temperature. One of these two factors has to
be known in order to interpret N in terms of the other one. In principal,
hori zontal
inferences of the distribution of the hlghly variable gases (water vapor
and ozone) are posaible, if the three-dimensional temperature distribution

in the atmosphere can be given. Experiments of this type were performed ‘

in the 6 3 to 6.7 micron water vapor band with the TIROS II, III, IV

: ,guass-global horiaontal,
~.and Nimbus I aatellites, leading to A distributions of water vapor



gl '

- 3a ™

INSERT ON PAGE 3:

It should be pointed out here that the surface emissivity is considered to be

A  unity due to the assumption of b}ackbody radiation in equation 1 ., This does

»

" not hold for natural conditions, but with regard to the spectral "window"

region the error resulting from this assumption lies within the noise region

ef tha ent;ée mathod,

*
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in the upper tropcapheré. éee for example (13).
The second possibility, namely the derivation of the vertical
mean temperature if the gas distribution is known, was successfully .
, ' - . accomplished byATIROS VII ahd Nimbus II experimené§2§§L the well-mixed
E atmospheric carbon dioxidey which has a strong absorption band ét 15

micron.

3. The Interpretation of Radiance Measurements within the 15 Micron

Band }

from equation 3 follows that NA can be expressed as

No= & (Pdh. 4

where ‘
' Al ‘ v - . ‘ . .
Uih) = G0 BOTR)AZMM 4 [5]

P “~ .- )‘ ’~ -‘1 S . - ‘ .
describes the variation with height of the contribution of the individual
atmosphéric layers to the 15 micron radiation detected by the satellite

" radiometer,

This weighting function has a maximum in the lower stratosphere. Due to

the increasing gas density with decreasing height, the emitted energy per unit .
volume increases downward, Below a certain altitude less and less radiation

A penetrates ﬁpward because of the absorptipn in the.overlying layers.
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The temperature to be deriied from equation 3 is therefore a
velghted mean temperature, weighted over the entire carbdn dioxide
. atmosphere with the function Y (n).
The weighting function "' (h) depends - among other things -
on the filter function P (h). This is illustrated by Figures 2 and
'3 where the filter functions and the resulting weighting functions)
for various atmospheres‘afe given for the TIROS VII and Nimbus II
15 mieron radiometer channels. |
The wider filter spectral range of the Nimbus II radiometer
results in a lower altitude of the maximum contribution and in a
much larger tropospheric contribution to the recorded radiance, as
i compared with TIROS VII. How much 'ﬂ? (h) depends on tﬁe atmospheric
4; structure, is shown by Figure 3, For all the
atmospheres, the weighting function peaks in the lower stratosphere,
which means that the measured horizontal distribution of outgoing o
rediance should reflect the horizontal temperature distiibution within o
this layer. 4
The radiometer is calibrated against a blackbody of’known temperature
(5). Thus, the measured radiaﬁces can be interpreted in terms of the

%

‘temperature of a blackbody of thé seme radiance Q"eduivalent blackbody

temperature" Top)* o | , L »
',N:%;S, QW BOT AN, [

X




The "equivalent blackbody temperature" then represents -~ as mentioned '
' before ~ the weighted vertical mean temperature of the atmosphere, with
| Y (L) a8 the weighting function. '

From the TIROS VII measurements, it has been shown that stratospherié~
temperature distributions can Ybe derived from 15 micron radiometry
(2) (7) (8). It has also been showvn that a high correlation exists
between radiosonde-derived hemispheric patterns of 30mb temperatﬁres (9)
(10) and 10mb/100mb thickness patterns (vertical mean temperatures)(1l)
oﬂﬁg%e hand -and satellite derived stratospheric temperatures (TBB) on
" the other, | |

The Interpretation of the derived equivalent bilackbody temperature
as vertical mean stratospheric tempersture, however, holds exactly only
in a gaseous atmosphere, i.e., in the absence of clouds. If sufficiently
dense clouds do exist within the altitude range of 'Yr (n), radiation

to the satellite
from below the clouds does not penetrateﬁ This will cause a reduction

- of the outgoing radiance ’beceuseA cloud itself radiates with a lower
temperature than the atmosphere below it. The effect will be larger for
higher clouds. Figure 3 demonstrates how much the cloud effect will

~ depend on the filter properties of the instrument. While in the case of
TIROS VII only a small percentage of troposphericvradietion passes the

- filter of the radiometer, in the case of Nimbug IT 15 to 20% ceme from below

' the tropopause, and a very 81gnif1cant effect of dense high cloud systems

the 15 mieron measurements resulted.
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Figure 4 shows a photofacsmile display of the medium resolution
radiometer measurements along ﬁarts of Nimbus II orbit 3uL/5 on
June 10, 1966. In this figure, taken from the Nimbus II Pictorial
Data Catalog (12), high radiation intenasities (high temperatures) are
represented by dark grey tones, low intensities (low temperatures) by
light grey or white. 1In the case of the lo-liymicron (atmospheric
"window") measurementsm;f figure b, the bright areas indicate a number;of;éi;ud
systems of various sizes and at different geographic locations. The
photographic imagery of the 1li-16 micron measurements, which shows
weli discernable grey tones from the darker (warm) Arctic toward the
brighter (cold) Antarctic stratosphere, exhibits, however, a considerable |
"background noise.” The cloud pattern of the "window" channel clearly
appears superimposed ﬁpon the stratospheric temperature distribution.
Therefore, the cloud effect has to be eliminated before stratospheric;

temperature distributions can be derived from the measurements. A

method to accomplish thejelimination of the cloud effect will be described

5‘ in the following section.

T I R A

b, The Elimination of the Cloud Effect on the Nimbus IT 15 Micron

Measurements.

The basic concept of the method to eliminate the cloud effect from

' the Nimbus II 15 micron measurements was first to determine the cloud

effect from theoretical computations of the outgoing radiance under

various atmospheric conditions and second to apply the proper correction
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to each single measurement using simultaneous "window" channel

measurements to derive the needed actual cloud top height.

The outgoing infrared radiation for T atmospheres (différent

‘months and latitudes) and various nadir angles within the

Nimbus II 15 micron filter range was computed from the radiative

" transfer equation for clear sky conditions and cloud decks assumed at

various altitudes using & computer program developed by V. Kunde (g).

»

1'k This yielded a quantitative measure'for the cloud effect. The com-

putations showed that the cloud effect is almost the same for ali atmospheres
up to cloud top heights of 10 kilometers. . Above thié height, however,
large differences occur for different geographic areas and seasons.

Fig. 5 and 6 are examples for strong and weak effects of these high cloud

systems. While for a cloud top at 10 kilometers in both cases the de-

pression of the derived TBB value is close to h°K‘for vertical view, it

increases to only 5°K in the U5°N winter atmosphere at 1lh kilometers

‘but to 11°K at the same altitude in the tropics.

The cloud effect was computed for the 15%, 30°, 45°, and 60°N

U. S, Standard Atmospheres and was determined for every month and scan

~nadir angle. However, béfore’applying these computed amounts to the

measurements the actual cloud top heights have to be derived from the

"window" channel measurements. As the 10-11 micron "window" is not

completely free of atmospheric absorption, corrections have to be made

]

for'reaiﬂnal.wuter‘vépor‘and ozone absorption, These corrections -
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 were computed from the radiative transfer eqnéxion for the Nimbus II
10-11 micron filter range and the same group of atmospheres. One
~ example of the results is given in Figure 7. From this diagram the
’cloud top temperature can be obtained for any measured equivalent
"~ blackbody temperature in a tropical atmosphere., From the obtained
.cloud top temperature, cloud top height can be derived‘for the proper
temperatufe-height relationship. In Figure 8, this
relationship has been built in, thus the correction‘of the 15 micron
channel measurement can readily be taken from this diesgram.

On the basis of the described model calculations, a computer
progrem was developed: |
(&) to determine for each single observation the cloud‘top height
from the concurrent "window" channel measurement and, with this

information,

(b) to apply the proper correction to the 15 micron channel measurement.

- 5. The Production of Nimbus II Stratospheric Temperature Maps.

The Nimbus II medium resolution infrared radiometer experimenﬁ
lasted from May 15 £hrough July 28, 1966, The orbital inclination of
100 degrees and the average satellite altitude of approximately 1100km
provided a cbmplete‘scanning of the globe., The twp{medium reééluhion
L radiom_eter channels (3 degrees field of view) used for this analysis
vere sensitive in the 1k to 16 micron (carbon dioxide band) and in
the 10 to 11 micron ("window") spec#rai'regions. This is described

in more detail elsevhere (5).

P T w e e e s bt s e R S e e
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After the elimination of cloud contemination, the corrected

, an electronic
measurements were automatically mapped byA computer and printed

"4in 1:40 millien Mercator and polar stereographic projections.

3

Figure 9 is a typical example of such a computer printout, exhibiting
the data taken in a 2l hour period over the globe. The "contouring

method" was used in the printing process in order to give automatically

a pattern analysis of the data.

vFar this presentetion, the global measurements were produced in

-

approximately 10 day intervals. But, contrary to the TIROS VII experiment,

daily maps could be analyzed without difficulties, as the signal-to-
noise-ratio was considerably improved by the wide spectral response
of the Nimbus II instrument. According to the season of this experiment}

the northern hemisphere_and the tropics do not exhibit significant

structural changes during the period of May through July; 1966. There- 4A

fore, the following diScussidn will concgntrate mainly on the southera
hemisphere which’was in its late fall and early winter‘geason. It is
ﬁbrthwhile emphasizing that Nimbus II provided for the first time a
really global picture of the stratospherié temperéture distribution,
including thé‘southernlpolar fegion'(3)~;vhere information is the most

incomplete bykconVehtional meens and is the moét'needed for stratospheric

~ research,
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6. Stratosphericd Circulation Features Revealed from the Nimbus II

Measurements.

The following discussion refers to Figure 10 to 20. During the period

of the Nimbus II experiment, the northern hemisphere passed the climax of

its warm summer circuiation. The temperature distribution did not show
any drastic changes. The warmest air was always located over the Arctie
Ocean. Weak temperature gradients persisted all over the hemisphere.
The tempersture maximum occurred around July 1, 1966, with 240°K over

the North Pole.

The temperature distribution over the tropics was characterized by

' temperatures mainly from 220 to 225°K between 30°N and 30°S with a

very slight north-to-south temperature gradient. No significant
temperature changes could be noticed during the period under investigation.

The southern hemisphere exhibited the more interesting events. On,

May 21, 1966, the southern polar vortex was already well established over
the South Pole where it remained throughout the period of observation.
The temperature structure of the polar vortex had, however, a remarkabler-'

asymmetry during the first six weeks . On May 21, extended areas of

* warm air over the southern South Atlantic and the southern Indian»Ocean:

caused a zone of remarkably strong meridional temperature gradient.

During the fbllowing twenty days, an eastward motion of the warm centers

was observed, Thus, on June 10, the warm air arrived over Australia
R ' ' R _ \ \

>
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' and the western South Pacific Ocean. During the second half of June,

howevef, the warm air retreated to lower latitudes, and the polar

" vortex became thermally more symmetric, although a number of short
waves were found to travel around the vortex center. This situation

Ry persisted throughout July, 1966,

The center of the southern polar vortex, although almost stationary

' during the tenzweek period, was gradually cooling. From approximately -

205°K around mid-May the stratospheric temperature over central Antarctica" 5

dropped to 196°K at the beginning of July, but stayed almost isothermal

- throughout July. The maximum stratospheric cooling over the entire
. period (fig. 17) was not observed over the Antarctic continent within the

.. polar night region but over the southern South Atlantic and Indian Ocean o

at 55° to 65°S. Figures 18 to 20 indicate tbat this cooling pattern was

achieved by a distinct temperature wave which migrated around the South-

Pole over the higher mid-latitudes and showed a decreasing amplitude with
time, almost vanishing during July. These findings from the satellite
observations suggest an 1mportant role of dynamic processes in the winterly

cooling pattern within the southern hem1spheric stratospheric polar vortex.

; At 1east during the described experiment these dynamic processes seem

to exceed by far the maznxy radiationally controlled cooling within the
polar night regime. ‘7 '
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7. Conclusions

The presented results of the Nimbus II medium resolution infrared =

~radiometer experiment give new evidence that

’(a) complete global data coverage can be achieved by a scanning radio~

meter in a quasi-polar orbit,

(v) radiometric measurements within the 15 micron carbon dioxide absorp-
Jhorizontal distribution of vertical mean,

tion band can prov1de a daily global survey of 1'.he'"r strato-

spheric temperature,

jv(c) the cloud influ:énce on the 15 micron measurements can be eliminated

'by use of a theoretical correction model including'window'-channel

radiometer measurements,

~ (d) significant circulation features of the stratosphere can be derived

from the obtained temperature patterns. This is of particular

importance for large areas of the world, like the oceans and the - ~

polar regions, where a serious lack of stratosphefic 1nformation

exists. |

The TIROS VII and the Nimbus II experiments have established a minﬁmn§ 
limiting spectral width (with the attendant low signal-to-noise ratio) and

a maximum limiting spectral width (with accompanying interference due to

.high clouds), respectively, with regard to the interpretability of the 15

micron measurements in terms of stratospheric temperatures. Thus, future
satellite experiments like the one to be flown on the forthcoming Nimbus B
spacecraft will achieve a compromise between the signal-to-noise ratio and

the cloud effect and bring the predominant part of the'ﬁeighting function

~



« 1k -

The described method of remote sensing of stratospheric tempera-
-tures including the data reduction system will not onlykhave a valuable'
: potential for stratospheric research but might become of essential

- importance when real~time global stratospheric temperature observations

are required for the forthcoming supersonic transport operations in the

next decade.
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ADJUSTMENT OF 15 MICRON - CHANNEL MEASUREMENT
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